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INTRODUCTION
The importance of reliability and measurement error within 
sports science is well reported, yet it is still not uncommon to 
encounter reliability issues ranging from equipment calibration to 
technical execution and repeatability Perini [1]. When estimating 
the impact of reliability on the outcome of a given measurement, 
the sport scientist must appreciate how practical and suitable these 
measures are Atkinson [2]. In other words, what the measurement 
error represents in practice. Indeed, better reliability implies 
better precision of measurements, although within the field 
of anthropometry it is not uncommon to encounter extensive 
amounts of random variation Hopkins [3]; Perini et al. [1]. 
Therefore, establishing accuracy and reliability of anthropometric 
 
measures will enable to sport scientist to be confident in making 
sound judgements on each variable and whether they are as error 
free as possible Perini [1]. For instance, if these measures had 
any detrimental effect, they would not provide confidence when 
determining which variables should be included in the development 
of calibration models to estimate whole body density (g ml-1).
One of the most popular methods of statistical analyses 
involves the estimation of intra-observer reliability and is routinely 
referred to in methodological studies as the test-retest method 
Hume [4]. This method of obtaining reliability data is often used 
by anthropometric rater’s when conducting studies on their own 
ability to measure anatomical variables consistently and accurately 
Norton [5]. When measurements are performed in this manner, 
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neither the test nor the re-test will provide an unequivocally correct 
measure and are subject to some form of error British Standards 
Institution [6]. Incidences of error can generally be caused by 
measurement and biological variables such as gathering of data, 
human frailty, accuracy of measurement equipment and tools, 
biological variation of the participants and the ability, confidence 
and experience of the rater Hopkins [3]; Perini [1].
One of the most common ways of expressing measurement 
reliability and which identifies various sources of error is Bland 
and Altman’s 95% limits of agreement Bland [7]. It is identified that 
in developing the 95% limits of agreement method, they would be 
able to identify and quantify the amount of agreement, that is the 
systematic bias, and the amount of random variation inherent in 
the measured data Hopkins [3]. In other words, it is possible for the 
rate to observe the extent to which there is error in their measures 
Atkinson [8]; Thomas [9]. More often than not, sport scientists’ 
work with data measured on either an interval or a ratio scale. 
In such data it is common to observe a relationship between an 
increase in the magnitude of values and an increase in variability 
between values. This situation is known as heteroscedasticity. Bland 
[7] maintain that heteroscedasticity can be visually detected and 
quantified by establishing whether a positive linear relationship 
exists (rXY) between the absolute differences (errors/residuals) 
between test-retest values (Y) and the mean of the test-retest 
values (X) for each participant plotted on an XY scatter plot. The 
issue of heteroscedasticity is important here because when limits of 
agreement are calculated, there is an assumption that the original 
test or measurement data are in fact homoscedastic (the condition 
of equal residual variances) and that the limits of agreement will 
therefore remain constant throughout the range of measurements 
for which they were calculated.
Another appropriate statistical analysis that identifies various 
sources of error and measurement reliability in kinanthropometry 
is by means of the Technical Error of Measurement (TEM%) Perini 
[1]; Stewart [10]. TEM is an index of absolute reliability and it can be 
used to represent test and retest values respectively on a particular 
measurement. TEM% is often expressed relatively as a percentage 
and can be used to generate 68% or 95% bands of tolerance, 
thus providing an objective method to evaluate the competency 
of a rater and are reinforced by the International Society for the 
Advancement of Kinanthropometry (ISAK) for the accreditation of 
kinanthropometrist Klipstein-Grobusch et al. [11]; ISAK [12].
The issue here is one of accepting that you cannot eliminate 
error entirely. So, if error exists, the question remains as to whether 
this error is so great that it will be detrimental to what has to be 
said about the primary investigator measurements and/or the 
present study population’s values. Consequently, sport scientists 
must strive for reliability through intensive training and periodic 
quality control of measurement techniques to help reach higher 
accuracy and hence more optimal reliability Perini [1].
The manner in which these measurement errors are best 
analysed and reported has been a matter of some debate amongst 
researchers Perini [1]. Nevill [13] have made useful contributions 
to this debate, with the consensus of opinion suggesting that 
when assessing measurement reliability, Bland [14] 95% limits of 
agreement method is the most appropriate statistic to report. By 
identifying these various sources of error, through the central focus 
on the Bland and Altman 95% limits of agreement method (relative 
reliability) and TEM% (absolute reliability) on test-retest values 
of anthropometric measures, can potentially establish whether a 
range of error of this magnitude would have any detrimental effect 
on the practical use of values gathered with this population of 
participants when developing anthropometric calibration models 
to estimate whole body density (g ml-1) and is therefore the main 
aim of this study.
MATERIALS AND METHODS
Participants and Recruitment
Two hundred and six Fédération Internationale de Football 
Association (FIFA) registered contracted professional football 
players ( ±s; age = 24.1±5.4 years, body mass = 78.8±8.4 kg, 
stretched stature = 180.1±7.0 cm and whole body density = 
1.075±0.010 g ml-1) were recruited from eight professional 
football clubs that represented Barclays Premiership, npower 
Championship, npower League One, npower League Two and Blue 
Square  Premier Leagues during the 2007-2008, 2008-2009 and 
2009-2010 playing seasons.  Sampling included players who were 
all over 18 years of age, free from disease or illness and who agreed 
to act as participants for the study by giving their written informed 
consent. Signs and symptoms of disease and diagnosed disease 
were determined through health screening procedure involving 
completion of a health screening questionnaire. Ethical approval 
was granted from the University of Gloucestershire’s Research 
Ethics Committee.
PROCEDURE
Data collection procedures were followed by using robust 
operational procedures by ISAK. A trial-to-trial protocol with 
the same interval of time (≈15-20 mins) allocated between each 
assessment to allow changes in the compressibility of the skinfold 
was established to provide an index of internal consistency Stewart 
et al. [10]. The following measurements were selected to offer a 
wide range of measures to investigate the test-retest reliability of 
the primary investigator’s ability: stretched stature (cm); sitting 
height (cm); skinfold thicknesses (mm, n= 8); girths (cm, n=10); 
breadths, depths and widths (mm, n=6); underwater weighing 
(g ml-1), residual lung volume (l) (estimated from forced vital 
capacity) and air displacement plethysmography (body mass (kg) 
and body volume (l)), stretched stature and sitting height (cm). All 
anthropometric measurements were taken systematically and on 
the right-hand side of the body and, the mean value was determined 
for subsequent data analysis.
Hydrostatic weighing procedures followed those described in 
Mills et al. [15] and from a reliability point of view, underwater 
weight readings from attempts 1, 2 or 10 were not used Katch [16]; 
Mills et al. [17]. Forced vital capacity (FVC) testing procedures 
followed those described by Mills et al. [15] and participants 
were given a minimum of 3 attempts. The greatest value was then 
corrected for body temperature and pressure saturated (BTPS) 
determined by using a correction table devised by Sinning [18]. 
Residual lung volume was estimated by taking a constant fraction 
of each participant’s FVC and was expressed to the nearest 0.05 l 
and computed using the equation proposed by Sinning [18]. The 
air displacement plethysmography measurement protocol was 
followed with step-by-step instructions displayed by the BodPod 
computer system. 
During the assessment, participants were instructed to 
continue breathing normally whilst a minimum of two 50s tests 
were conducted to ensure consistency Biaggi et al. [19]. Once 
the assessments were completed, derivation of body volume, 
correction for residual lung volume together with measurement of 
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body mass, permitted the derivation of an estimate for whole body 
density Biaggi et al. [19].
STATISTICAL ANALYSIS 
Summary results (mean, standard deviation and range) were 
presented for all participants and measurement values were 
calculated via Microsoft Office Excel version. The reliability of 
all directly measured variables was investigated by applying the 
95% limits of agreement (LoA) method (relative reliability) and 
illustrated in Bland and Altman plots. Additional interpretation at 
this point was used to provide visual evidence of heteroscedasticity 
by correlating absolute differences against mean values for test-
retest measures and illustrated on scatter plots, which included the 
slope of the best-fit line, R2, r and P values and the distribution line 
to allow a visual overview of the linear relationship between the 
absolute differences and means values.
TEM% was used as an index of absolute reliability by 
establishing the degree of precision between the primary 
investigator against TEM% values established by a level 4 ISAK 
experienced kinanthropometrist (the criterion measurer) 
(absolute reliability).  The degree of precision between two values 
generated by primary investigator against the criterion measurer 
as an index of inter-tester reliability was calculated using a 
programmed Microsoft Office 1998 Excel spread sheet constructed 
by ISAK Ross [20]; Norton, 2002). Anthropometric measurements 
included a comparison of n=17 common variables (n=8 skinfold 
thicknesses (triceps, subscapular, biceps, iliac crest, supraspinale, 
abdominal, anterior thigh and medial calf); n=5 girths (arm 
(flexed), arm (relaxed), waist, hips and calf); n=2 widths (humerus 
and femur), body mass and stretched stature) against the level 
1 ISAK criterion. Levels 2-4 reliability standards require more 
advanced technical expertise than those of level 1, where minimum 
requirements involve a rater being able to prove that they can: i) 
repeat anthropometric measures with a TEM% better than ≤7.5% 
for skinfolds and ≤1.5% for girths, breadths and widths for level 
1 accreditation and ≤5.0% for skinfolds and ≤1.0% for girths, 
breadths and widths and ii) establish the degree of precision 
between values generated by two kinanthropometrist’s Perini [1].
 The issue for the primary investigator was to judge, whether 
the identification and quantification of agreement outcomes were 
narrow enough for the anthropometric measures to provide 
practically reliable values. Therefore, the primary investigator 
established a priori consideration for both the Bland and Altman 
95% LoA method (relative reliability) and TEM% (absolute 
reliability) that presented acceptable tolerable limits within the 
context of this study. Under review from ISAK (2001) and previous 
literature, the Bland and Altman 95% LoA method, a priori criteria 
was set at ±3.8%, P < 0.05 (g ml-1) and TEM% < 5.0% for skinfolds 
and < 1.0% for girths, breadths and widths, as acceptable limits.
RESULTS
Participants’ primary anthropometric measures, where within 
an age range between 18-38 years, body mass, stretched stature 
and sitting height ranging from 59.3-104.3 (kg), 162.7-201.2 (cm) 
and 79.5-109.4 (cm) respectively. Summary results for general 
characteristics of all n=206 football players can be seen in Table 1.
Results from Table 1 indicated that the iliac crest, supraspinale, 
abdominal and anterior thigh skinfolds (mm) had, as anticipated, 
the largest values and ranges. A situation previously reported by 
Brodie [21]; Harrison et al. [22]; Heyward [23], suggesting larger 
deposits of localised storage fat. The girth measurements at the 
chest, hip and waist had the greatest range of mean values with 
99.0 ±4.8 cm, 94.0±4.5 cm and 94.0±4.5 cm respectively. Given the 
nature of the sport and the physiological demand placed upon the 
legs with a variety of football playing positions, the anterior thigh 
and medial calf girths showed a large range of 21.4-63.3 and 29.7-
57.4 cm respectively. Breadths, depths and width values (cm) were 
within ranges previously reported by Casajus [24]; Loucks [25] 
with the anterior-posterior chest depth with a 20.7±1.8 cm and 
range from 16.0-33.8 cm for professional football players.
Table 1: Summary of anthropometric ( ± s) measures for (n=206) football players.
Variables  ± s Range
Skinfolds (mm)
Triceps 8.3 ± 3.1 3.7 - 18.1
Subscapular 10.2 ± 2.5 6.1 - 17.7
Biceps 4.4 ± 2.0 2.1 - 11.5
Iliac crest 15.5 ± 6.2 3.8 - 39.2
Supraspinale 9.7 ± 3.9 4.1 - 26.5
Abdominal 14.6 ± 6.0 5.1 - 34.4
Anterior thigh 12.1 ± 4.4 4.5 - 29.5
Medial calf 7.0 ± 2.5 3.0 - 15.7
Girths (cm)
Neck 38.4 ± 1.6 34.4 - 44.0
Arm (relaxed) 31.9 ± 2.2 19.8 - 37.7
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Arm (flexed) 34.2 ± 2.3 29.4 - 40.2
Forearm 28.3 ± 1.7 24.1 - 39.4
Wrist 17.5 ± 0.8 15.4 - 19.9
Chest 99.0 ± 4.8 82.5 - 109.7
Waist 81.9 ± 6.3 24.0 - 98.6
Hip 94.0 ± 4.5 75.0 - 106.9
Thigh 55.7 ± 3.8 21.4 - 63.3
Calf 38.2 ± 2.5 29.7 - 57.4
Ankle 23.1 ± 1.3 18.9 - 26.0
Breadths (cm)
Biacromial 43.4 ± 2.0 33.8 - 49.9
Biiliocristal 29.6 ± 1.7 25.0 - 33.8
Depths (cm)
Transverse chest 30.9 ± 1.8 26.2 - 38.1
Anterior-posterior chest 20.7 ± 1.8 16.0 - 31.3
Widths (cm)
Humerus 7.3 ± 0.7 6.2 - 10.3
Femur 9.6 ± 0.6 6.6 - 10.9
Forced vital capacities and estimated residual lung volumes 
ranged between 2.0-6.8 l and 0.6-2.1 l respectively. Although when 
reporting on professional athletes, due to recognised individual 
differences such as stature, race, age and the varying aerobic 
demands that are required for football, the estimation of residual 
lung volume would expect to be higher than the assumed 0.9-1.6 l 
in a normal healthy adult male Pesola et al. [26]; Demura et al. [27].
Body volume and body density values results range between 
58.4-93.2 l and 1.050-1.100 g ml-1 respectively. Perhaps an 
indication of the range of body density values could be alluded to 
by the research of Schutte et al. [28]; Donnelly et al. [29]; Fields et 
al. [30]; Utter et al. [31]; Collins et al. [32]. These authors reported 
that non-Caucasian populations have fat-free masses that are 
denser with assumed body density values of (on average) 1.113 g 
ml-1 when compared with Caucasian populations body density of 
(on average) 1.100 g ml-1.
Hydrostatic weight attempts (kg) that were conducted on all 
n=206 participants in order to assess for body mass underwater 
with an average of 3.84 ± 0.04 and a range of 1.12–6.22 kg). Results 
indicated that all participants attempted all but the final underwater 
weighing and that as consecutive weighing attempts continued past 
the sixth weighing attempt, the values began to reduce. Given the 
outcome from Mills et al. [17] investigation, the first two and the 
last three attempts were not used to determine mean underwater 
weight as they are known to underreport Demura et al. [33]; Slater et 
al. [34]. The favourable weighing attempts were the fourth, fifth and 
sixth as they demonstrated very small between-attempt differences 
and in general the highest values of underwater weighing, thereby 
providing the closest estimation of a ‘true’ underwater weight.
TEM% for stretched stature against the level 1 ISAK criterion 
and stretched stature and sitting height against the level 2/3 ISAK 
criterion were 0.09% and 0.14% respectively. TEM% for the triceps, 
subscapular, biceps and iliac crest measures of 1.5%, 1.2%, 1.0% and 
1.8% and differences of 6.0% 6.3% 6.5% and 5.8% against the ISAK 
criterion for level 1 and 3.5%, 3.8%, 4.0% and 3.3% against level 
2/3 ISAK criterion respectively. Results indicated that the highest 
values of the triceps and iliac crest skinfolds were still lower than the 
ISAK recommended TEM% by as much as 3.3%. The supraspinale, 
abdominal, anterior thigh and medial calf skinfolds were all 1.5% 
respectively and 3.5% difference against the ISAK criterion. The 
TEM% for arm (relaxed) and arm (flexed) girths against the level 
1 and were 0.3% and 0.4% with an ISAK target of 1.5%, indicating 
a difference of 1.2% and 1.1% respectively. The TEM% indicated 
differences of 0.8%, 0.7%, 0.6% and 0.8%. The waist (0.2%) and 
hip (0.5%) girths against the level 1 ISAK criteria at 1.5% providing 
differences of 1.3% and 1.0% respectively, thus achieving TEM% 
targets for ISAK Level 1 criterion for (n=17 measurements). 
When the wrist, chest, waist and hip, thigh, calf and ankle girths, 
biacromial and biiliocristal breadths, and transverse chest and 
anterior-posterior chest depth were compared against level 2/3 
ISAK criterion values results indicated that all anthropometric 
TEM% targets for level 2/3 (n=28 measurements) were well within 
ISAK acceptable limits.
Limits of Agreement analyses found that stretched stature 
and sitting height measurements indicated a bias of +0.0 cm and 
+0.05 cm and 95% limits of agreement of -0.1 cm to +0.1 cm 
and -0.0 cm to +0.2 cm respectively. Figure 1 illustrates the n=8 
skinfold thicknesses (mm) (triceps, subscapular, biceps, iliac crest 
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supraspinale, abdominal, anterior thigh and medial calf) indicated 
a bias of a range from +0.08 to + 0.01 mm, and 95% limits of 
agreement of –0.2 to +0.2 mm.
The anthropometric girths (n=11) (cm) showed a bias of +0.02 
to +0.01 cm, and 95% limits of agreement of -0.2 to +0.2 cm (Figure 
2). As was to be expected the direction and size of the data scatter 
around the zero line suggests evidence of systematic bias in the 
values particularly of the chest and hip girths. 
These girths can be problematic particularly due to the chest 
movement during inhalation and exhalation processes and with 
participants wearing light clothing in the hip region, thus causing 
greater variance in test and re-test scores.
All remaining measures of the biacromial and biiliocristal 
breaths (cm), transverse chest depth and anterior-posterior chest 
depth (cm), humerus and femur widths (cm) demonstrated a bias 
of +0.06 cm to +0.01 cm and 95% limits of agreement of +0.3 to -0.3 
cm (Figure 3). Data scatter around the zero line for the transverse 
chest depth specifically, indicated systematic bias and random 
variation.
Overall, the differences between test and re-test values for 
stretched stature, sitting height, skinfolds, girths, breadths, depths 
and widths were normally distributed were well within acceptable 
limits when using the study a priori criteria.
Figure 1: Bland and Altman plots summarising the 95% limits of agreement for the reliability of Triceps, Subscapular, 
Biceps, Iliac Crest, Supraspinale, Abdominal, Anterior Thigh and Medial Calf skinfolds (mm).
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Figure 2: Bland and Altman plots summarising the 95% limits of agreement for the reliability of Neck, Arm (relaxed), 
Arm (flexed), Forearm, Thigh, Calf and Ankle girths (cm).
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Figure 3: Bland and Altman plots summarising the 95% limits of agreement for the reliability of Biacromial and 
Biiliocristal Breadth, Transverse Chest and Anterior-Posterior Chest depth, Humerus and Femur width (cm).
Investigations were needed to establish heteroscedastic errors 
from all anthropometric measures. The extent of heteroscedasticity 
with r values of -0.185 and -0.073 and R2 (%) coefficients of 3.4% 
and 0.5% for stretched stature and sitting height respectively. Both 
measures indicated statistical significance of P= <0.001 and narrow 
deviations from the line of best fit, suggesting very little evidence of 
heteroscedasticity. The triceps, subscapular, biceps and iliac crest 
skinfolds indicated r values of 0.331, 0.366, 0.306 and 0.500 and R2 
(%) coefficients of 10.9%, 13.9%, 30.6% and 21.2% and indicated 
statistical significance of P=< 0.001 (Table 2).
Measures for the supraspinale, abdominal, anterior thigh and 
medial calf skinfolds illustrated r values of 0.611, 0.483, 0.400 and 
0.304 and R2 (%) coefficients of 37.3%, 23.3%, 14.7% and 9.2% 
respectively (P=<0.001). As to be expected the triceps, subscapular, 
biceps, iliac crest and in particular the abdominal skinfold 
illustrated evidence of heteroscedasticity as there is more variance 
in the data values and greater error between test and re-test values 
with some deviations from the line of best fit (Table 2).
 At this stage a decision was needed whether to log transform 
or not. The simple interpretation of these plots indicated that there 
was no issue as the values where within the 95% confidence limits 
between the two repeated measures and illustrated statistical 
significance of P=< 0.001> Therefore, on balance, log transformation 
was not warranted due to statistical analyses demonstrated 
excellent reliability and to be of practical use (Table 2).
DISCUSSION
It is well documented of the importance of reliability and 
measurement error. Indeed, better reliability suggests better 
precision, although within the area of body composition, it is not 
uncommon to encounter such random variation. These variations 
include anything from equipment calibration to technical execution 
and repeatability. In order for this study to be as applied as possible, 
confidence in reliability judgements on n=27 anthropometric 
measures by applying TEM% and the limits of agreement method 
was crucial so that sound practical judgements about professional 
football players’ body composition could be made. The primary 
investigator achieved highly reliable TEM% standard values against 
those of the ISAK level 1 criterion indicated as high as 6.5% and 
as low as 1.0% differences and against TEM% level 2/3 criterion 
with differences as high as 3.8% and as low as 0.6%. Overall, the 
primary investigator achieved reliable TEM% values, indicating 
measurement precision and competency for n=27 variables 
anthropometric measurements well within acceptable ISAK TEM% 
targets Stewart et al. [35]. Statistical analysis determined via Bland 
and Altman’s 95% limits of agreement method was used and a priori 
criterion set at ±3.8% as acceptable limits to determine the bias 
and random variation of n=27 anthropometric measures (Marfell-
Jones, 2013 (personal communication)). Anthropometric measures 
illustrated obvious differences between the test and re-test values, 
but all were found to be normally distributed, with some evidence 
of systematic bias and random variation [36,37].
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Table 2: Overview of R2, r and P values for all n=27 anthropometric measures.
Variables r R2 (%) P
Stretched stature (cm) -0.185 3.4 0.001
Sitting height (cm) 0.073 0.5 0.001
Skinfolds (mm)
Triceps 0.331 10.9 0.001
Subscapular 0.366 13.9 0.001
Biceps 0.306 30.6 0.001
Iliac crest 0.5 21.2 0.001
Supraspinale 0.611 37.3 0.001
Abdominal 0.483 23.3 0.001
Anterior thigh 0.4 14.7 0.001
Medial calf 0.304 9.2 0.001
Girths (cm)
Neck -0.365 0.1 0.001
Arm (relaxed) 0.1 0.3 0.001
Arm (flexed) -0.05 0.2 0.001
Forearm 0.06 0.3 0.001
Wrist -0.126 0.1 0.001
Chest 0.09 0.8 0.001
Waist -0.053 0.2 0.001
Hip -0.007 0.000005 0.001
Thigh 0.017 0.3 0.001
Calf -0.138 1.9 0.001
Ankle 0.085 0.7 0.001
Breadths (cm)
Biacromial -0.045 0.2 0.001
Biiliocristal -0.047 0.2 0.001
Depths (cm)
Transverse chest -0.022 0.5 0.001
Anterior-posterior chest -0.003 0.005 0.001
Widths (cm)
Humerus 0.166 2.7 0.001
Femur 0.003 0.000006 0.001
Bland and Altman 95% limits of agreement approaches were 
used to determine heteroscedasticity with the n=27 anthropometric 
measures. The contentious measurements of the iliac crest skinfold, 
supraspinale skinfold, anterior thigh skinfold, chest girth, hip girth 
and biiliocristal breadth suggested possible heteroscedasticity 
issues with highest r values of 0.611 and R2 (%) coefficients of 
37.3%. 
However, when investigated further, these plots did not exhibit 
heteroscedasticity because there is equal residual variance about 
the range of the values and were statistically significant (P=< 
0.001). As a consequence, there was no need to find a cause of 
heteroscedasticity and resolve it by log transformation [38]. Overall, 
the primary investigator established accuracy and reliability of all 
n=27 anthropometric measures, and provided a sound foundation 
on which to develop practical and novel calibration models to 
estimate whole body density (g ml-1) of professional football 
players Overall, the primary investigator established accuracy and 
reliability of all n=27 anthropometric measures, and provided a 
sound foundation on which to develop practical calibration models 
to estimate whole body density (g ml-1) of professional football 
players and subsequently sound body composition judgements 
[39].
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